Bi-and tri-armed polyethylene glycol units endcapped with nitroaryl urea units have been synthesised. These endcapped polymers are able to self-assemble via complementary supramolecular interactions, specifically urea-urea and nitro-urea hydrogen bonding, to afford materials with dramatically increased mechanical and thermal properties when compared to those of the uncapped polyethylene glycol precursors.
inaccessible protection systems such as the insulation layers of transoceanic cables. 1 Most submarine and underground cables use materials that are commonly based on high density polyethylene in cable sheath applications (crosslinked polyethylene for electrical insulation). Damage to the cable sheath protection 2 layers can often result in system failure. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Self-repair capability would thus be a very desirable quality in such materials, to prevent system failure and so avoid costly replacement. [2] [3] [4] [5] [6] [7] [8] [9] [10] Routes to repairable polymeric systems have been developed through several different approaches including the use of reversible or irreversible covalent bond formation, [4] [5] [6] 15 encapsulation of healing agents 7 and the directed application of supramolecular self-assembly. [8] [9] [10] [12] [13] [14] 16 Of these routes, the supramolecular approach (involving the positioning of sacrificial but reversible supramolecular interactions within a covalently bound polymeric network) can involve the use of either hydrogen bonds, metal-ligand interactions, ionic interactions, aromatic π-π stacking, or a combination of such motifs, and has enabled the development of many diverse, repairable systems. [8] [9] [10] [12] [13] [14] 16 These "supramolecular polymers" have a distinct advantage over healing systems involving irreversible covalent bonds in that repeated break-heal cycles can be realised via stimuli such as heat, time, pressure, light or ultrasound. 11, [17] [18] [19] For self-healing supramolecular polymer systems, relatively few studies have focused upon the impact of water contact as either a positive or negative aspect of the repair process. 20, 21 Water contact can, in principle, lead to degradation of the supramolecular polymer network, diminished binding to polar, supramolecular binding sites, or reorientation of polar groups away from the fracture-surface to make supramolecular healing unachievable. [22] [23] [24] [25] By considering the environment in which remote protection systems will be embedded (e.g. soil, concrete or seawater), the probability of contact with water must be incorporated into the system design. [8] [9] [10] [12] [13] [14] [20] [21] [22] [23] [24] [25] Several materials have been described that utilise a dynamic polymer response on contact with water to enable repair under aqueous conditions. 20, 26 Here we report a novel approach to defect-sealing that employs water-induced swelling of a supramolecular polymer matrix. 27 In designing supramolecular polymeric networks that can self-repair under aqueous conditions it was decided to exploit the previously reported 3-nitroaryl-urea motif (Scheme 1). [28] [29] [30] This recognition unit was used as the endcapping group for an oligomeric, liquid linker, namely polyethylene glycol (PEG, Mn ≈ 600 g/mol) and was found to afford materials with enhanced mechanical and thermal properties relative to the parent oligomer. 30, 31 It was proposed that when the endcapped PEG is subject to sufficient force to effect mechanical damage, the weak non-covalent bonds between the endcapping units will be disrupted, enabling the liquid PEG to flow and thus refill the void created. Subsequent re-establishment of hydrogen bonds between the endcapping units leads to self-assembly of a new network and, ultimately, recovery of the system's mechanical strength (Scheme 1). [11] [12] [13] [14] Formation of tri-armed oligomeric systems end-capped with this recognition unit led to increased mechanical strength -relative to the corresponding two-armed system -by enhancing the effective cross-linking density 32 through supramolecular interactions. 30 Furthermore, the water-absorption properties of the PEG linking units are able to induce swelling, 27 and so facilitate defect closure after water contact with the new materials. 7, 11, 27 Scheme 1. A) Proposed organisation of the nitroaryl-urea motif linked to both bi-and tri-armed polyethylene glycol units to yield a network in the pristine material; B) material after damage resulting in network break up, and C) the concept of oligomer flow and re-association of the endcapping recognition units leading to recovery of the network in the bulk for swelling induced recovery (see Scheme 2).
Results and Discussion
In order to achieve the targeted supramolecular assemblies (Scheme 1), linked nitroaryl-urea units were designed based upon the success of previously-synthesised gelators. 30 In this study, the selected linkers were poly(ethylene glycol) bis(carboxymethyl) ether (Mn ~ 600) (affording bis-functionalised PEG 1) and glycerol ethoxylate (affording tri-functionalised PEGs 2-3, Figure 1 ) (for the synthetic schemes see
Supplementary Information (SI), Schemes S1 and S2). These PEG-based materials were chosen for their water absorbent characteristics at room temperature and successful application in other repairable systems. [8] [9] [10] 27, [31] [32] [33] The functionalised PEGs 4-6 ( Figure 1) were also synthesised as benchmark materials, to evaluate the specific importance of the nitroarylurea motif to self-assembly.
4 Figure S25 ) which was not evident for the uncapped poly(ethylene glycol) bis(carboxymethyl) ether (Mn ~ 600).
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The tri-functionalised PEGs 2 and 3 were synthesised via a three-stage reaction. ), assigned to the amide and urea residues, respectively (see SI Figure S11 ). Analysis by DSC revealed a glass transition at -9 °C (that was not evident in the glycerol ethoxylate starting material).
Previous gelation studies on low molecular weight hydro-and organogelators have demonstrated the importance of meta-substitution of the nitro group on self-assembling units containing nitroaryl ureas (see compound 1, Figure 1 ). 29, 30 Computational modelling of previously reported 29, 30 self-assembling gelators that feature the meta and para nitro end groups present in 1 and 4 was undertaken (see SI Figure S17 ). This revealed the geometrically-specific interactions between the meta nitro-urea moieties (present in 1) that permit one dimensional, extended fibrillar growth (rather than the disjointed assembly pattern of 4 which possesses only para nitro moieties). In addition, we were able to carry out single crystal X-ray crystallographic analysis of the end groups used in molecule 1 (e.g. Figure 2A ). Crystals of 7 suitable for X-ray crystallographic analysis were grown by slow evaporation from solution in THF and the solid state data are presented in the SI ( Figure S18 and Table S1 ). Three key hydrogen bonds between adjacent molecules in the crystal were identified, involving the urea, nitro and amino groups:
respectively; see B/C in Figure 2 . Interestingly, intermolecular hydrogen bonding between the nitro and urea moieties, reported previously in structurally related systems, 35, 36 was not observed in the case of the end group unit (7), although hydrogen bonds were observed between the amine moiety (not present in chain-end structures due to its role in chain-end modification reactions), and both the nitro and urea groups, with the amine acting simultaneously as both hydrogen bond donor and acceptor (C, Figure 2 ). PEGs without the nitro functionality (5) and without the secondary aromatic moiety (6) flowed at 20 °C (in < 7 days) (see SI Figure 24 ). Interestingly the bi-armed functionalised PEG with the nitro moiety in the para position (4, Figure 1 ) formed a film rather than a granular solid as expected from three dimensional growth (see previous studies on analagous low weight molecular gelators 29, 30 , SI Figure S17 ). However this film also proved to be unstable (see SI Figure S24 ) highlighting the need for the specific hydrogen bonding interactions between meta nitro and urea groups to produce effective self-assembly (Figures 2 and 3 and SI Figure S17 ).
To assess the impact of supramolecular crosslinking on the thermal stability of networks formed from blends of the bi-functionalised PEG 1 and tri-functionalised PEGs 2/3, DSC analysis was undertaken to determine the change in the glass transition temperature (Tg) as a function of the percentage weight of the
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Unfunctionalised PEG (Figure 4) . This analysis revealed that increasing the percentage weight of the meta nitro tri-armed functionalised PEG 2 (with respect to 1) resulted in a direct increase in the Tg (from -10 to 0 °C). This trend correlates with an increased degree of covalent crosslinking (via addition of the triarmed units) within the supramolecular network. 32 Interestingly, thermal analysis of blends of bi-functionalised PEG 1 with tri-functionalised PEG 3 revealed a parabolic relationship between the blend composition and Tg (with a maximum observed at 3 °C). The difference in thermal property impact is attributed to the location of the nitro moiety, i.e. meta or para to the urea unit. This structural effect was also apparent in healing studies (see below) and in agreement with previous self-assembly gelation studies. To investigate the possibility of healing films of 1, rheological studies were undertaken for which the bifunctionalised PEG 1 was cast directly onto rheometer plates and the temperature was increased progressively from 0 to 60 °C during rheometric measurements (parallel plate geometry, 1% strain, heating rate 2 °C/min). It was found that the viscoelastic transition occurred at 26 ºC (Figure 5) , and the rheological data suggest that this material could be healed at temperatures close to ambient. 16 In contrast, the films cast from combinations of the bi-functionalised PEG 1 and the tri-functionalised PEGs 2 or 3 proved to be too viscous at all temperatures studied (0-100 °C) for comparative rheological analyses to be obtained. Of significant interest was the visual observation of the healing process in thin films of the bi-functionalised PEG 1 (averaging 5 × 9 × 1 mm). Films were cast onto glass slides and defects (cuts) were introduced using a scalpel. Rapid closure and healing of the cuts (< 30 minutes) was observed, even at room temperature (20 ºC). After establishing the water absorption capabilities of these supramolecular polymer networks, discs (diameter 25 mm, thickness ~ 1 mm) of material were cast from 1, 3 and the blend of 1 and 3 (1:1 wt. ratio) to investigate their potential for defect closure via swelling. The freshly-cast discs were placed between two sheets of porous AWA ® 10 non-woven polyester paper prior to analysis. Defects were introduced via three needle punctures (0.8 mm diameter) through each cast (calculated to be equivalent to 0.3 % removal of the surface area of each disc). The samples (still between sheets of polyester paper) were then placed in a stirred cell assembly in which a constant volume (10 mL) of water was maintained (Scheme 2 and SI Figure 33 ).
°C
Water passing through the punctures was then collected at timed intervals (every 2 minutes) and weighed to calculate the flow rate through the film (Figure 8 ). 
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Films of the bi-functionalised PEG 1 were able to reduce the flow rate significantly (by a factor of about 7 over 60 minutes) but the flow then remained steady over a further 90 minutes (Figure 8) . In contrast, the films formed from the tri-functionalised PEG 3 were able to halt the water flow completely after a period of 135 minutes (Figure 8 ). Most promisingly, films cast from blends of 1 and 3 (1:1 wt. ratio) showed highly efficient inhibition of water flow (to zero after ca. 42 minutes, Figure 8) . Correspondingly, water absorption was monitored by disc volume expansion (monitored via average increase in thickness). Disc volume expansion after 180 minutes of liquid water contact showed that the discs cast from 3 experienced the largest increase (172%), in contrast to results for water absorption from the atmosphere measured by TGA (Figure 7) . Discs of 1 and of blends of 1 and 3 (1:1 wt, ratio) showed a 131% and 163% increase, respectively. Initial flow measurements were taken two minutes after defect formation to allow comparative water collection for each sample. Differences in initial flow are attributed to, and are in agreement with, the different response rates of the polymer blends (Figure 7) .
Additionally, the water solubilities of the functionalised PEGs 1, 3 and of blends of 1 and 3 (1:1 wt. ratio)
were monitored to ascertain if their ultimate failure to seal could be attributed to dissolution. Each cast film was placed in D2O and held at 40 ºC for 1 month, but no dissolution was observed by 1 H NMR spectroscopy for any of the functionalised PEGs. It is therefore suggested that the results shown in Figure 8 results from the poor mechanical stability of films of the bi-functionalised PEG 1, rather than poor healability (see Those films that demonstrate self-repair capabilities also display water absorption and swelling capabilities capable of defect/puncture closure.
14 Experimental Crystallographic Analysis. A crystal of 1-(4-aminophenyl)-3-(3'-nitrophenyl)urea (7) was mounted under Paratone-N oil and flash-cooled to 150 K under nitrogen using an Oxford Cryosystems Cryostream. Singlecrystal X-ray data were collected using an Agilent Gemini S-Ultra diffractometer with Cu-Kα radiation (λ = 1.54180 Å). The data were reduced using CrysAlisPro software. The structure was solved using the program Superflip 41 and all non-hydrogen atoms were located. Least-squares refinements on F were carried out using the CRYSTALS suite of programs. 42 The non-hydrogen atoms were refined anisotropically. All the hydrogen atoms were located in difference Fourier maps, and those attached to C were then placed geometrically with a C-H distance of 0.95 Å and assigned a Uiso of 1.2 times the value of Ueq of the parent C atom. The fractional coordinates of the H atoms attached to C were then refined with riding constraints.
The coordinates of the hydrogen atoms attached to the N atoms were refined with a distance restraint of N-H = 0.86(1) Å and with a Uiso of 1.2 times the value of Ueq of the parent N atom. The Flack parameter refined to 0.1(3), and so was fixed at 0.0 for later cycles of refinement.
Equipment. All chemicals and solvents were purchased from Sigma Aldrich and used as supplied unless otherwise specified. THF was distilled from sodium and benzophenone under an inert atmosphere prior to use. All other solvents were used as supplied. NMR spectra were obtained using Bruker Nanobay 400 and
Bruker DPX 400 spectrometers (operating at 400 MHz and 100 MHz for 1 H NMR and 13 C NMR, respectively). All samples were prepared in either THF-d8 or DMSO-d6 and dissolution was achieved with slight heating and sonication (5-10 minutes). A Perkin Elmer 100 FT-IR (diamond ATR sampling attachment) was used for IR spectroscopic analysis. All solid film samples used for characterisation were cast from THF solution. Thermogravimetric Analysis employed a TA Instruments TGA Q50 system attached to TGA heat exchanger, a platinum crucible and an aluminium TA-Tzero pan (ramp rate 15 °C/min to 400 °C). Differential scanning calorimetry was carried out using a TA DSC Q2000 with TA Refrigerated
Cooling System 90 (aluminium TA-Tzero pans and lids) (ramp rate 15 ˚C/min). Rheological analysis employed a TA Instruments AR 2000 rheometer operating in parallel plate geometry (20 mm steel plates).
Gel permeation chromatography (GPC) was carried out using an Agilent Technologies 1260 Infinity instrument, and the data were processed using Agilent GPC/SEC software; polystyrene standards was used as calibrants. Samples for GPC analysis were dissolved in analytical grade THF (2 mg/mL).
Synthesis; (1) Bis[1-(4-aminophenyl)-3-(3'-nitrophenyl)urea] poly(ethylene glycol) 600; 1-(4-
Aminophenyl)-3-(3-nitrophenyl)urea was synthesised as previously reported. 30 Polyethylene glycol 600 diacyl chloride was generated according to the procedure described by Waite. 21 Polyethylene glycol 600 diacyl chloride (1.0 g, 1.6 mmol) was dissolved in anhydrous THF (30 mL) under inert conditions. To this, 15 
